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ABSTRACT

Lithium-ion batteries (LIBs) present fire, explosion and toxicity hazards through the release of flammable
and noxious gases during rare thermal runaway (TR) events. This off-gas is the subject of active research
within academia, however, there has been no comprehensive review on the topic. Hence, this work analyses
the available literature data to determine how battery parameters affect the variation in off-gas volume and
composition, to determine the flammability and toxicity hazards of different battery chemistries. It is found
on average that: (1) NMC LIBs generate larger specific off-gas volumes than other chemistries; (2) prismatic
cells tend to generate larger specific off-gas volumes than offer cell forms; (3) generally a higher SOC leads
to greater specific gas volume generation; (4) LFP batteries show greater toxicity than NMC; (5) LFP is more
toxic at lower SOC, while NMC is more toxic at higher SOC (respective to themselves); and (6) LFP off-gas
has a greater flammability hazard. Further, recommendations are presented so that significant improvements
in research can be made to advance the understanding of LIB off-gas further. Finally, this work is a critical
resource to the battery community to aid the risk assessment of LIB TR fire, explosion and toxicity hazards.

1. Introduction

As with traditional transportation fuels (i.e. hydrocarbons such as
petrol and diesel), electrochemical energy sources like Li-ion batteries
(LIBs) have inherent safety risks related to fire and toxicity [1-5].
The maturity of the internal combustion engine (ICE) means that
the hazards of vehicle fires under different scenarios are well under-
stood. However, with the accelerating uptake of LIB-powered electric
vehicles (in the road, rail and marine sectors) there is a concern
that there will be a growing knowledge gap between understanding
the hazards of traditional and alternative fuel vehicles [6]. There
have been several reviews of the growing literature on LIB safety,
focusing on the mechanisms of cell thermal runaway (TR) and fire
phenomenon [6,7]. However there are no reviews that specifically and
comprehensively analyse LIB off-gas which is known to be flammable
(containing hydrogen and hydrocarbons) leading to explosion and loss
of life [8,9]. Further, for those involved in or near a TR event, toxic
gas emissions (e.g. CO and HF) present an additional threat. How-
ever, the composition of the off-gas is complex and needs extensive
consideration.
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The risk of fire, explosion or vapour cloud ignition extends to sta-
tionary energy storage, EVs and marine applications, where incidents
have occurred in reality [e.g. 9-11], showing that this is a real and
present hazard. Adequate risk assessments are required to manage and
mitigate this fire/explosion hazard and to aid emergency responders
in understanding hazards they may walk into [12,13]. However, this
can only be done with accurate and extensive knowledge of the off-
gas volume and components (i.e. H,, hydrocarbons, flammable solvent
vapours, CO, dilution effect) to determine the explosion potential of
the off-gas in a given scenario. This is also true for the toxicity of the
off-gas, where determining the extent to which individuals are at risk
of breaching Immediate Danger to Life and Health or exposure limits is
essential. For example, in scenarios where individuals are exposed to
off-gas in confined spaces, such as from the failure of personal transport
stored in the home [14,15] or EV failure in a car garage [4,16]. As
will be shown below, there is no extensive analysis of LIB off-gas
considering the influence of battery variables, which is necessary for
a thorough understanding of its hazards.

There has been some work to understand the overall off-gas be-
haviour. Baird et al. [17] compiled the gas emissions of ten papers
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Nomenclature

DEC Diethyl carbonate

DMC Dimethyl carbonate

EC Ethylene carbonate

EMC Ethyl methyl carbonate

EV Electric vehicle (automotive)
HRR Heat release rate

ICE Internal combustion engine
I0R Inter quartile range

LCO Lithium cobalt oxide

LFL Lower flammability limit
LFP Lithium iron phosphate

LIB Lithium ion (Li-ion) battery
LMO Lithium manganese oxide
LTO Lithium titanate

NCA Lithium nickel cobalt aluminium oxide
NMC Lithium nickel manganese cobalt oxide
PC Propylene carbonate

SEI Solid electrolyte interphase
socC State of charge

THC Total hydrocarbons

TR Thermal runaway

showing gas composition related to different cell chemistries and SOC,
while Li et al. [18] compiled the gas emissions of 29 tests under an
inert atmosphere. However, in both cases, no analysis is made relat-
ing chemistry, SOC, etc. to off-gas composition. Instead, flammability
limit calculations and flame speed analysis were conducted. The most
compressive review to date is by Rappsilber et al. [19] who analysed
76 papers focusing on peak heat rate, total heat, CO emission, total gas
volume, and HF production. However, the overall volume and specific
CO emissions trends are determined by grouping all the cell chemistry
data for each SOC, while for HF only LFP cells are analysed.

This work aims to address the lack of a comprehensive review of
LIB gas emissions during TR via collating and analysing data available
in the literature. Within this aim the objectives are to understand how
battery parameters affect the variation in off-gas volume and compo-
sition, and what battery can be considered least hazardous. Overall it
provides a crucial resource that can be used in the risk assessment of
LIB TR fire and explosion hazards.

The remainder of the introduction will outline the demand for LIBs,
explain what a LIB is and describe the hazardous thermal runaway
phenomenon. Section 2 will then review the literature on LIB off-
gas composition and toxicity. In Section 3 the methods are presented
for gathering and processing the literature data. Section 4 presents
the analysis and discussion of the literature data. Section 5 provides
concluding remarks.

1.1. Overview of lithium-ion batteries and thermal runaway

From powering personal electronics devices, LIBs are becoming the
widely adopted energy source for automotive electric vehicles (EVs)
and personal transport (bicycles and scooters). They are also increas-
ingly used in ships and trains as auxiliary or primary power sources.
Further, the aviation sector is also developing EVs based on LIB energy
sources for electric vertical take-off and landing (eVTOL) as well as for
light/short hall aircraft. Lastly, LIBs are also used in commercial battery
energy storage (BESS) for grid support as well as domestic energy
storage. With such growing use in terms of quantity and scale, there
are increasing opportunities for LIB failure to cause greater harm. This
is specifically true in certain situations where failure is more critical,
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such as in the marine and aviation sector where there is limited scope
to distance people and assets from the failure.

LIBs are widely used as they have a high energy density, long cycle
life and are low cost. Cell performance can be altered by materials
selection, with common cell chemistries consisting of lithium cobalt
oxide (LCO), lithium iron phosphate (LFP), lithium manganese oxide
(LMO), lithium nickel cobalt aluminium oxide (NCA), lithium nickel
manganese oxide (NMC) and lithium titanate (LTO). Generally NMC
and NCA are used as high-energy cells, while LFP cells have a lower
specific energy capacity but a larger specific power capacity and longer
life span [20]. Further, battery performance (energy and power capa-
bilities) is scalable by the number and configuration (series and parallel
connections) of cells. Cells can be manufactured in different forms,
commonly cylindrical, pouch or prismatic with capacities ranging from
1 Ah to 300 Ah. These characteristics allow LIBs to be customised for
the variety of different applications mentioned above. However, even
with these advantages, LIBs suffer from the phenomenon of thermal
runaway (TR), explained in the next section.

1.1.1. LIB thermal runaway

The process of TR, see Fig. 1, involves the exothermic chemical
decomposition of the battery cell materials leading to vast heat gen-
eration and temperature rise. This is accompanied by the generation
of gasses from the decomposition process that can be flammable and
toxic, and can lead to smoke, hot sparks and jet flames ejected from the
cell [6]. Many reactions take place during the decomposition of the cell;
however, the main stages consist of solid electrolyte interphase (SEI)
breakdown, anode-electrolyte reaction, cathode-electrolyte reactions
and electrolyte decomposition, see Table 1 for further details. Further,
in a module or pack the heat from one cell can cause a cascading failure
or propagation throughout the pack, increasing the overall hazard from
failure. For module or pack failure this includes the production of large
amounts of flammable gas that can lead to explosions [8,9].

Typically this occurs when the off-gas is confined to an enclosed
space, thus not naturally dissipating like in the open, and either (1)
an ignition source occurs when the fuel-air ratio is in the explosion
range [8]; or (2) if additional air is allowed to enter (by opening a
door to address the failure [9]) bringing the fuel-air ratio from above
the upper explosion limit (UEL) into the explosion range. However,
at least one unconfined off-gas explosion has taken place, where a
large cloud of smoke accumulating around an electric bus suddenly
erupts in flames [10], indicating that this smoke is a vapour cloud
igniting [21]. This behaviour is complex, so to understand this hazard
more it is important to determine how much volume and what species
of gases are generated for different cell chemistries, forms, SOC, scale
(cell/module/pack) and abuse.

2. Gas generation and toxicity — literature review

This section summarises the findings of individual literature sources
regarding volume of gas produced (Section 2.1), gas composition (Sec-
tion 2.2), toxicity (Section 2.3), presence of electrolyte vapour (Sec-
tion 2.4), other influential factors including the effect of abuse scenarios
(Section 2.5) and results from module and pack tests (Section 2.6).

2.1. Gas volume produced

The volume of gas LIBs generate during TR can be influenced by
several conditions, including capacity, SOC and chemistry. At 100%
SOC LFP cells are shown to generate a lower volume of gas than other
chemistries (LCO, NMC, LMO), 0.4L/Ah to 1.4L/Ah versus 1.28L/Ah
to 21 L/Ah respectively [24-32]. In contrast, large NMC prismatic cells
(41 Ah) and LFP cells (5.5 Ah) have been shown to generate similar off-
gas volumes, 1.64L/Ah and 1.83L/Ah respectively (in nitrogen) [33].
While, LTO cells have been shown to generate significantly more off-gas
than LFP cells, but less than NMC [34]. Further, higher nickel-content
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Fig. 1. Process of thermal runaway from initiation to propagation and resulting hazards [22].

Table 1
Summary of main reactions of LIB cell TR failure.
Source: Edited from [23].

Temperature (°C)

Reaction behaviour

>70 Li salt decomposition and reaction with solvent and Solid
electrolyte interphase (SEI)

90-130 SEI breaks down leading to anode-electrolyte reaction. Low
heat generation.

90-230 Li-electrolyte reaction occurs, leading to gas production e.g.
C,H,, C,Hy and C;Hg.

120-220 Electrolyte vaporises, leading to additional gas generation,

cell pressurisation and initial venting. Separator melts at
130°C to 190°C.

160 Heat generation increases — from “self heating” to “thermal
runaway”. Violent gas and particle release (second venting).
200-300 Electrolyte decomposition occurs. At TR there is a rapid

temperature rise, the metal oxide cathode decomposes to
produce oxygen. O, leads to the oxidation of the electrolyte
-> CO, and H,0

NMC cells produce more gas than counterparts with less nickel [31,32].
Overall, the absolute vent gas volume increases with capacity [31,
32,35]. Limited work has compared cell forms, but NMC pouch and
prismatic cells have been shown to generate similar volumes of gas
production [36].

In many studies gas volume production is shown to increase as
SOC increases for various chemistries, including NMC [23,30,37-39],
LFP [25,40], NCA [25] and LCO [26]. However, little to no correlation
between gas volume and SOC is observed in some studies on LFP
and NMC cells [25,41]. Further, the greatest increase in emissions is
typically seen over the range of 50% to 100% SOC [7,30]. Also, the
increase in gas production with SOC has shown to be greater for NCA
than for LFP cells. While at higher SOC LFP is typically shown to
produce less off-gas than other chemistries, at lower SOC volumes can
be comparable between chemistries, but in some cases LFP can generate
more [7,25]. Increased gas generation at higher SOC is attributed to
higher electrode potentials and more reactive cell materials [7]. The
occurrence of combustion may also have an effect. When the failure of
NMC cells did not lead to combustion (at 0% SOC) more gas production
was recorded [41].

The peak rate of gas production has been shown to be proportional
to SOC [7,39], while in other work this is not true [42]. Peak gas rates
of individual species (CO, CO, and HF) have been shown to increase
with SOC [43].

2.2. Gas composition

The main components of the off-gas are CO,, CO, H, and hydrocar-
bons, while under certain conditions significant amounts of electrolytes

and water can be present. The list of hydrocarbons generated can be
many, but those typically measured/reported are CHy, CoHg, CoHy,
C,H,, C3Hg and C3Hg. Further, there are possibly hundreds of com-
ponents present in the off-gas, including non-hydrocarbons and toxins,
that are infrequently reported [44-46]. The toxic components of main
concern are CO, HF, HCl, HCN, NO,, and SO, [7]. Table 2 summarises
the hazards and exposure limits of the main off-gas components. Ex-
posure limits are the concentrations of hazardous substances in air,
averaged over 8 h or 15 min (long-term and short-term limits respec-
tively), that are set to prevent harmful effects on people’s health [47].
The reaction mechanisms towards species production are well discussed
in the literature [see, for example, 24,25,32,37,48-51] and are not a
topic for discussion here.

Comparing the off-gas composition from different sources highlights
the variation in components and their volume fractions between and
within chemistries. Typically, literature sources identify LFP as gener-
ating more CO, and H, than other chemistries that generate mostly
CO and THC, in terms of volume fraction [24,32,34,56]. However,
high levels of H,, CO, and lower levels of CO have been reported in
NMC cells [33], while higher CO, volumes have been reported for NCA
compared to LFP cells [25]. It has been reported that the percentage
of CO and H, production is proportional and inversely proportional to
energy density, respectively [32]. This inherently links to nickel content
for the NMC cells; however, later work shows less correlation [31].
Further, comparing solid-state cells versus “typical” Li-ion cells shows
a reduction in gas production (by 10%) and a lower proportion of THC
and H, (by 30% each), while the proportions of CO, and CO are larger
(by 20% for CO) for the solid-state cells [57].

Koch et al. [27] have done one of the most extensive testing regimes
of 51 NMC cells ranging from 20 Ah to 80 Ah. Significant amounts of



P.J. Bugryniec et al.

Journal of Energy Storage 87 (2024) 111288

Table 2
Common LIB off-gas components, hazards and exposure limits.
Substance Hazard® Exposure Exposure
Limit, 8 h Limit, 15 min
(mg/m3)° (mg/m®)°
Carbon dioxide, CO, Cause headaches, dizziness, confusion, loss of consciousness, 9150 27 400
and asphyxiation at high concentrations [52].
Carbon monoxide, CO Toxic if inhaled, may damage the unborn child, causes 23 117
damage to organs through prolonged or repeated exposure
and is an extremely flammable gas.
Hydrogen, H, Extremely flammable. See note!
Hydrocarbons Flammable. See note
Hydrogen fluoride, HF Fatal if swallowed, is fatal in contact with skin, is fatal if 1.5 2.5
inhaled and causes severe skin burns and eye damage.
Hydrogen chloride, HCI Severe skin burns and eye damage, is toxic if inhaled, may 2 8
damage fertility or the unborn child, causes serious eye
damage, may cause damage to organs through prolonged or
repeated exposure, may be corrosive to metals, may cause
respiratory irritation and contains gas under pressure and
may explode if heated.
Hydrogen cyanide, HCN Fatal if swallowed, is fatal in contact with skin, is fatal if 1 5
inhaled, causes damage to organs through prolonged or
repeated exposure, is very toxic to aquatic life (with long
lasting effects) and is an extremely flammable liquid and
vapour.
Nitrogen dioxide, NO, Fatal if inhaled, causes severe skin burns and eye damage; 0.96 1.91
and may cause or intensify fire (oxidiser).
Sulphur dioxide, SO, Severe skin burns and eye damage and is toxic if inhaled. 1.3 2.7
Solvents Highly flammable liquid and vapour [53]. Very irritating to DEC 700, DEC 1000,
eyes, skin and airways [44]. PC 8.5¢ PC 8.5¢

@ Cited from the European Chemicals Agency [53], unless otherwise stated.

b Cited from the HSE [47], unless otherwise stated.

¢ Cited from the IFA [54] for the solvents DEC (Romania) and PC (Germany), other common electrolyte solvents (e.g. EC and DMC) are not

listed.

4 Hydrocarbons, such as CH,, are described as acting as simple asphyxiants without other significant physiologic effects when they are present
in high concentrations, hence are not given limit values as the significant factor is the availability of oxygen [55]. This is assumed for H, as

well.

CO, are recorded at low-vent gas volumes as combustion could still be
complete even in the limited oxygen availability of the closed system.
Koch et al. found that (for vent gas volumes greater than 501 where
combustion was limited) 7 components make up over 99% of the off-
gas volume. These components (and their average volume proportions)
are CO, (36.6%), CO (28.3%), H, (22.3%), C,H, (5.6%), CH, (5.2%),
C,yHg (1.0%) and C3Hg (0.5%). These averages have a large variation,
with CO, CO, and H, being within the error of each other. Further,
there is no correlation between composition and the vent gas volume.

SOC is shown to affect the off-gas composition ratio and the number
of components produced. At 0% SOC the gas can be mainly CO, [17],
or a few components (~5) including CO and solvents, while this can
reach several tens of components at higher SOC [58]. Generally, it has
been found that the percentage volume of CO, in the off-gas reduces
while CO increases as SOC increases for various chemistries (LCO, NCA,
LFP) [7,17,25,26,59]. At the same time, THC and H, have been found
to remain steady across SOC for LCO cells [26]. For LFP and NCA cells
H, is seen to increase in volume fraction [25], while H, and THC are
found to increase in volume fraction for LCO and LFP cells [17], with
SOC. However, other works have shown contradictory results, where
CO, increases and THC reduces with SOC increase [37], or the fraction
of THC reduces along with CO, with SOC increase [59]. Also, H, was
only detected at 100% for LFP cells [42].

Peak concentrations of gases and production rates increase with
SOC [39,60,61]. However, the reduction of CO, volume fraction can
be attributed to the increase in absolute production of other gases
while CO, concentration remains stable [60,62]. The reduction of
hydrocarbons and increase in CO and CO, at higher SOC (in a nitrogen
atmosphere) has been attributed to combustion events [37,39], how-
ever Willstrand et al. [7] shows contradictory behaviour. Nevertheless,

it has been noted that higher SOC enhances combustion, leading to
a greater HRR and higher concentrations of CO, and CO [63,64].
More so, the relationship of combustion efficiency (turning CO to CO,)
is complex and dependent on temperature (generally proportional to
SOQ), abuse method, oxygen availability and gas generation rate [7].

Studying the flammability limit of cell off-gas, for NMC cells (18650,
3.5Ah) the lower explosion limit (LEL) increases up to a maximum of
10.15% at a SOC of 50% and then reduces at higher SOC, while the
upper explosion limit (UEL) continually increases [65]. This means a
SOC of 50% has the lowest risk of combustion in an open space. How-
ever, the narrowest flammability range is at a SOC of 30%, hence this
SOC is recommended for the storage and transport of LIBs. The trend in
LEL is attributed to the change in multi-carbon chain gas components.
When there are more gas components with longer carbon-chains the
LEL reduces.

Electrolyte composition is shown to affect the off-gas from cell
abuse. For different LFP 18650 cells, where EMC is always present
and makes up approximately 50% of the electrolyte solvent, there
is a weak trend between increased EMC proportion and reduced gas
generation, while the percentage of CO, increases with increased EMC
proportion [66]. Studies on electrolytes alone have shown that the
concentration of lithium salt affects the ratio of off-gas species, while
an increase in salt concentration leads to greater instability and gas
production [67]. The individual solvents (e.g. EC, DEC, EMC and DMC)
also vary in stability and gas volume production, with EC and DEC
being the least thermally stable and reactivity increasing with the
addition of LiPFg salts [68]. Further, the use of binary mixtures leads
to electrolytes that have stability broadly related to the solvent-mole
ratios. For EC, EMC and DMC solvents with 1.2M LiPF gas emissions
are dominated by CO, (70%), but for DEC (1.2M LiPF¢) CO, and CyHg
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account for 30% each; however, tens of components are recorded in
total in all cases. Similar behaviour has been shown by Fernandes
et al. [69], but with thermal decomposition of EMC and particularly
DMC occurring at lower temperatures. Further, there is uncertainty in
the actual reaction mechanism for the thermal decomposition of battery
solvents [70].

Additionally, the presence of the cathode and anode materials in
a cell complicates the reaction behaviour. Intercalated lithium in the
anode can react with the solvents to produce hydrocarbons, while
oxygen released from the cathode decomposition can lead to decompo-
sition [71,72]. The reaction pathways to gas generation are numerous
and complex and the readers are referred to existing reviews on the
mechanism of thermal runaway, see Refs. [71,72]. Additives have also
been used to improve anode-electrolyte stability and impede fires [73].
Flame retardants can reduce fires leading to less CO, but more H, and
CO. Further, in the near future it is expected that all-solid-state cells will
be commercial, in which their solid electrolyte has increased stability
and reduced heat of reaction, dramatically improving cell safety but
with little know of the amount and type of gas produced [74]. Due to
these numerous variables (i.e. solvents, solvent ratios, salt concentra-
tions and additives) and that few works know or record the electrolyte
composition in battery safety/off-gas tests, electrolyte composition is
not considered in further discussions as a variable affecting off-gas
characteristics.

2.3. Toxicity

Several toxic compounds commonly discussed include CO, HCI,
HCN, NO, SO,, HF, fluorinated carbonates, POF;, COF,, acrolein,
and formaldehyde [29,38,50,60,61,75-77]. Non-quantified work has
detected up to 35 toxic substances which vary with chemistry and
SOC [78]. Understanding the presence of these compounds is important
as inhalation of these gasses can result in dizziness, headache, loss of
consciousness, coma or even death [6].

The risks of these emissions, however, depend on the scenario
of the incident. In the outside environment, HF will likely rise and
quickly dissipate. Whereas, in enclosed spaces HF will increase and
be problematic if gasses are not evacuated. More full-scale tests are
needed to fully establish this and assess the effects of fire suppression
on toxicity.

For LMO cells the total amount of HCl generated remains stable with
SOC but the amount of SO, increases with SOC, while NO shows no
correlation [60]. The change in HCN concentration is also shown to
be minimal over increased SOC [38]. For NMC prismatic cells (94 Ah),
more SO, was produced at 50% SOC than at 100% SOC while the max-
imum temperature was 510°C compared to 620°C, respectively [77].
The rate of HF production increases with SOC [61,75,76], while for a
stack of LFP pouch cells the peak HF production rate is seen at 50%
SOC [79].

For LCO, NCA and LFP cells, it is shown that there is a downward
trend of specific HF production with SOC increase [50,60,61,75]. In
some cases for LFP cells, HF is only detected at low SOC (at or below
25% SOC) [7]. However, peak HF production for LFP cells has been
seen at 50% SOC [79] or 100% SOC [80]. Also, CO and HF production
has been shown to increase with SOC (for 22 Ah LFP cells) [42].

Comparing HF production between cell chemistries, LCO prismatic
and LFP cylindrical cells are shown to produce similar specific amounts
of HF, so do NCA and LFP pouch cells [76], as well as LFP and
LMO/NMC [29]. However, Sturk et al. [75] show that LFP cells gen-
erate significantly more HF than their NMC counterparts. HF is found
to be the largest contributor to toxicity for LFP cells, while for LCO
and NMC it is Acrolein [50]. From this, LFP cells produce the largest
theoretical contamination volume (300 m3) versus LCO and NMC cells
(200 m3) (considering 18650 cells). Overall, there is no strong trend for
the theoretical contamination value with SOC, because as HF decreases
with SOC there is an increase in other toxins such as CF,.
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For other toxins, the number of combustion organic products in-
creases with SOC, up to a SOC of 100%, and then there is a significant
reduction at a SOC of 150% [81]. In total, over a hundred species
were detected, but more products are seen in LCO, NMC and LMO
cells than in LFP cells. For NMC and LCO cells a higher SOC showed
more substances, while for LFP cells the greatest amount of substances
was detected at 30% SOC [78]. Six very toxic substances identified as
2-propenal, methyl vinyl ketone, propanedinitrile, propanenitrile, 1,2-
dimethyl-hydrazine and thiocyanic acid ethyl ester could be detected.
Further, phosphonofluridates have been detected in NMC but not LFP
cells [44].

The cell form may influence HF production. LFP pouch cells are
shown to produce an order of magnitude more HF than cylindrical
cells [60,76]. However, NMC pouch and prismatic cells show similar
volumes and composition of gas, including HF [36]. Further, abuse
type can affect toxic gas generation. Thermal abuse produces a greater
contamination volume than nail penetration, as penetration overall
produces less gas [50].

While the dependence of SO, generation on SOC is not definitive,
one theory attributes it to the fact that the formation of SO, requires
significant heat [60]; hence, it only occurs at higher SOC where the
TR temperature is higher. Conversely, less HF is theoretically formed
at higher SOC as the higher TR temperatures promote bond breaking
leading to the production of smaller molecules [50], or give rise to
more complete burning [82] where the reaction between HF and
hydrocarbons can consume the free HF [83], aided by the increase
of hydrocarbons at higher SOC. The increase of CF, with SOC is not
explained [50]. The fluorine within the cell materials can also lead to
POF;, from reaction with water, which may be more toxic than HF [6].
Even though HF has a high toxicity rating, the large amounts of CO
make this the main toxicity concern [84].

2.4. Electrolyte vapour

During TR, the electrolyte can exist in the off-gas as a vapour and
presents additional flammability, irritability and toxicity hazards. The
combined off-gas/electrolyte mixture is sometimes termed the “vapour
cloud” [21] and can exist due to a lack of heat initiating combustion or
due to a lack of oxygen limiting oxidation such that the solvent remains
as a fume [45].

The solvents DMC, EMC and DEC (common in electrolytes) are
highly volatile with low boiling points of 90°C to 129°C and high
relative evaporation rates (between 1 and 3) [85]. PC and EC can be
considered less volatile with higher boiling points of 242°C to 249°C
and lower relative evaporation rates (<0.005). The vapour densities of
solvents used in Li-ion cells are heavier than air and so will accumulate
at the ground when the liquid solvent evaporates. However, the relative
vapour density (p,,;) for a chemical compared to air (where p,,, = 1,
prey < 1 and p,,; > 1 would correspond to a vapour that is neutral,
buoyant and dense respectively) depends on the molecular weight of
the vapour, temperature of the vapour, temperature of the air and the
saturated concentration of the vapour in the air [86]. Therefore, the
behaviour of a TR event, i.e. the temperature of failure (influencing
vapour temperature), the rate and magnitude of vapour discharge and
the rate of vapour dispersion, will influence how the relative vapour
density changes with time. Further, the presence of solvents still in the
liquid state, as aerosols, can lead to a cloud initially behaving as dense
due to the relatively heavy droplets even if the emitted vapour mixed
with air would normally (initially) be buoyant or dense [86]. As such,
initially buoyant clouds can turn dense and vice-versa, adding further
complexity to understanding and predicting the hazard of vapour cloud
explosions in relation to LIBs.

For the common electrolyte carbonates, the volume of solvent re-
quired to evaporate to reach hazardous levels with mild transient
effects (within a 1-meter distance from a vehicle) is 2.24mL, 1.40 mL,
0.17 mL, 0.13 mL for DMC, EC, PC and DEC respectively. Lithium salts
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lead to HF production, which is toxic and corrosive: 20 mL of 1 M LiPF¢
electrolyte can release enough HF in a 62m? room to cause serious
permanent health effects. Further, Diaz et al. [50] have shown that
a single 18650 cell can lead to a contaminated volume of 100m? to
400 m® based on the off-gas considering emitted solvents, CO, HF and
other toxic components.

Although the presence and hazards of the electrolyte vapour are
known, it is not frequently measured in gas analysis studies. However,
overcharging of LFP cells shows that the off-gas can have a composition
that is 60% electrolyte (where no fire or burning is noted in this
test) [48]. Other work has detected, but not quantified, the existence of
the solvents [7,29,87]. For various cell chemistries, the most abundant
compounds were stated to be carbonates, which for LFP cells were DEC
and EMC, and for NMC cells where DMC and EMC [44].

2.5. Composition in relation to other factors

The composition of off-gas is shown to vary with different stages of
TR. At initial venting, CO, dominates, followed by hydrocarbons and
a minimal amount of H, [88,89]. In some cases, electrolyte solvents
are recorded and in a significant quantity, while in others, H, is not
present [23,37,48]. During TR there is a marginal increase in H,,
while during the deflagration there are significant amounts of CO and
H, [88]. Also, electrolyte solvents are not recorded after TR [23]. How-
ever, aged cells show more CO and hydrocarbons at venting compared
to fresh cells [89].

Other phenomena exist, including the retentively cool off-gas re-
leased early on in TR (compared to later stages) sinking to the floor
(due to the vapour densities of solvents) [41]. Comparing ‘“‘standard”
versus “violent” TR, where violent is defined as maximum cell tem-
perature over 250°C and more than 0.51 of off-gas, there is more CO,
and H, in violent cases [90]. LFP cells show no visible outburst of gas
at SOC lower than 50% [82]. Similarly, for large LFP cells no fire or
TR is seen at 0% SOC, but at 50% and above sustained jet fires are
present [42].

The volume of gas produced by different abuse methods has been
compared. Abuse by puncture (from projectile) shows less gas pro-
duction than other failure modes (wedge-shaped penetration, impact
and thermal) [2]. Different thermal abuse methods are shown to lead
to similar results, except for reactor heating (where decomposition
of electrolyte solvent occurs on the hot reactor walls after venting)
leading to more gas being produced [28]. However, other work shows
that a greater heating rate increases gas generation volume [90]. It is
suggested that more gas is produced in air (allowing for combustion)
than in a nitrogen atmosphere because the pyrolysis of organics pro-
duces a solid char [50]. Overcharge is shown to generate more gas
(by more than 50%) than over-temperature or nail penetration [36].
Aged cells, with less remaining capacity, show less gas generation
as more electrolyte is consumed in cells with less remaining capac-
ity [91]. On overcharge, more gas is generated as a cell is increasingly
overcharged [92], with the amount of CO, increasing at a greater
rate than other gases (CO, H, and THC) [66,92,93]. However, Will-
strand et al. [7] did not show any evidence to suggest that the abuse
method affects the total gas volume produced or composition; but the
abuse type does affect gas production rate, mass loss, and maximum
temperature of the cell as much as its state of charge.

In open space, less gas is produced at a lower rate with the exception
of CO, which has a higher rate [39]. Suggesting that more complete
combustion occurs in open space, which conversely implies cells in a
pack may not undergo complete combustion. In a nitrogen atmosphere
hydrocarbons form a greater percentage of the off-gas than when
abused in air [37]. For short circuit tests, more gas is produced in
a nitrogen atmosphere and mainly consists of H,, CO,, CO and CHy,
while in air the off-gas is mostly CO, and CO [94]. However, repeats
of the same test can result in significant differences in results [95].
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2.6. Abuse at larger scales

Studying the TR of LIBs at different scales, i.e. from cell to module
and pack level, is important to understand how the hazards scale with
battery size. However, only a few academic studies focus on the pack
(i.e. EV) level concentrating on fire and toxicity behaviour.

EV fire safety has focused on similar gases to research on a cell
level, namely CO,, CO, THC, NO,, HF, HC], HCN and heavy metals.
The overall gas composition is similar between ICE and EVs. Over 95%
of the combustion gas is CO,, a few percent is CO and less than 0.5% is
THC, HCl, HF, NO, and SO, individually [1,3,4]. The most significant
difference in EV and ICE vehicle toxicity is the quantity of HF. Lecocoq
et al. [3] and Truchot et al. [1] both show that EVs generate double the
amount of HF than ICE vehicles (1.5kg versus 0.7 kg), while Willstrand
et al. [4] show that EVs generate an order of magnitude greater HF than
ICE vehicles (0.7 kg versus 0.01kg). Further, the peak HF generation
rate (3g/s to 4g/s) is similar in both EV and ICE vehicles, attributed to
the rupture of the air-conditioning refrigerant [1,3]. However, the HF
generation rate is greater for EVs than ICE vehicles (1 g/s versus 0g/s
to 0.5 g/s) at times later on in the vehicles burning — presumably due
to the battery burning. HCl percentage composition is similar between
vehicle types. In addition to gas production, battery fires lead to heavy
metal deposits [2] that results in more heavy metals being produced
in greater quantities by EV fires [5]. Due to the low toxic thresholds
of these toxic substances, it is important to consider them for toxic
evaluation, even though the total amounts produced are low [1].

Further to this discussion, it should be stated that these EV studies
consider abuse leading to TR leading to fire, and not any situation
where there is TR without fire. However, it is noted that there have
been instances in the public where EVs have gone into TR without
fire until the ignition of the off-gas [96]. Hence, there is a need to
understand why and how large-scale battery TR failure leads straight
to fires in some instances and to gas emissions and explosion hazards
in others.

Moving up the battery scale (from cell to stack to module) an in-
creasing volume fraction of CO, CO,, and H,O is observed [8]. Further,
the release of HF increases as module size increases, presumably due
to simultaneous cell burning [75]. The production of gas (specific to
capacity) is greater for a group of 10 cells with a similar capacity to
one large cell, the gas production is 25% more at 100% SOC [97].
However, at 75% and 50% SOC there is a negligible difference between
the group of cells and a single large cell. An array of the same capacity
of a cell shows a tendency for higher CO, and CO fraction, with less
H,. Further, in general, the greater number of cells and cell capacity
leads to greater EV fire risk [6]. However, it is shown heat release rate
(HRR) does not scale linearly with capacity, because not all cells burn
at once. Hence, one should take caution scaling other hazards relating
to batteries linearly with capacity.

2.7. Summary

In general, cell capacity and energy density are influencing factors
of TR behaviour, affecting emitted venting gas volume, self-heating
onset temperature and cell mass loss [27]. On a cell level, gas produc-
tion typically ranges from 11/Ah to 31/Ah given all chemistries and in
absolute terms increases with cell capacity. Under direct comparisons,
LFP cells produce less gas than other chemistries in most studies.
However, separate studies show that LFP may produce gas (1/Ah) on
a similar scale to high-energy cells. Further, many studies have shown
that gas production increases with SOC, but this is not true in all studies
nor for all chemistries.

The off-gas mainly consists of CO,, CO, H, and hydrocarbons. How-
ever, the composition from the same as well as different cell chemistries
and SOC varies considerably. The availability of oxygen (i.e. air vs
inert atmosphere, or open vs closed space) affects the composition.
Electrolytes can make up most of the off-gas but they are rarely
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recorded. Given an abuse scenario, the composition is also different
depending on how violent and hot the TR event occurs. Limited data
on the overcharge of NMC cells shows more CO, is generated at higher
SOC, while for LFP electrolyte vapours are the main component. The
composition of the off-gas changes throughout TR, early on at low
temperatures the initial venting can be mainly CO,, solvents or CH,
(dependent on chemistry). This implies the hazard assessment should
consider the different stages in TR and their relevance to fire/explosion
risk. Many toxic components have been identified but HF and CO
are the most recorded. It is shown a single 18650 cell can lead to a
contaminated volume of 400m3 and toxicity remains an issue at all
SOcC.

No standard testing procedure is used within the academic litera-
ture, unlike, for example, the use of accelerated rate calorimetry to
determine thermal hazards of cells. Many authors use custom equip-
ment with different gas monitoring setups, open/closed systems and
systems of different enclosure sizes. This increases the difficulty in
comparing results from different research groups and should be a
consideration of the community to resolve.

The above raises the following questions which we aim to answer in
our analysis. How does the chemistry, form, capacity and SOC impact
the:

» specific gas production?
» toxicity (specifically CO and HF production)?
+ gas composition?

3. Methods

To allow for a definitive analysis of the off-gas behaviour from LIB
TR, a comprehensive literature search of the topic needs to be ensured.
To do so, the literature search was conducted with the keywords
“lithium-ion” or “Li-ion” or “LIB” and “cell” or “battery” or “EV” and
“abuse” or “thermal runaway” or “fire” and “off-gas” or “venting” or
“gas analysis”. From this, 60 papers [1-5,7,8,23-43,46,48-50,56,58—
61,75-77,80,82,88-95,97-104] were deemed as appropriate and used
to collate data on scale of battery (from cell to EV), form of cell,
chemistry of cell, elemental ratio of cell chemistry, abuse type, cell
capacity, test capacity or energy rating, SOC, nominal voltage (of
cell), gas testing equipment, rate of CO,/CO/HF, duration of test, total
volume or mass of off-gas and quantities of individual components
(g, mmol or litres) or percentage ratios. Conversion between units (g,
mmol or litres) was done assuming standard temperature and pressure.
The compiled data is supplied in full in the Supplementary Data.
The literature data is then used to understand the influence of cell
chemistry, cell type, battery scale, SOC and atmosphere on off-gas
characteristics. The method of gas analysis and abuse type are recorded
but not analysed for effect on LIB off-gas, and neither is the equipment
setup (particularly closed versus open), but comments are made in the
discussions.

4. Results and discussion — analysis of Li-ion off-gas emissions
from literature

4.1. Bibliography summary

Given the literature collated, it can be seen from Fig. 2 that over
the past ten years there has generally been an increasing number of
papers published each year investigating the LIB off-gas, which to date
leads to a total of 60 papers used in this analysis. Further subdivision of
the number of papers that study specific form, cell type and chemistry
can be found in the supplementary material. Within these papers most
(53) focus on cell level studies while only 12 investigate larger scales
including only 2 studying EV packs, see Fig. S1(a). Note that the
number of papers to study specific categories can sum to more than
the total (60) papers analysed as some papers may study more than
one category, i.e. multiple cell forms or chemistries.
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Fig. 2. Bibliography summary on a yearly basis, number of publications studying LIB
TR off-gas.

At the cell level there are an approximately equal number of papers
studying the off-gas of cylindrical, pouch and prismatic cells, see Fig.
S1(b). Regarding chemistry, 31, 20 and 13 papers investigate NMC, LFP
and LCO respectively, see Fig. S1(c). Further, NMC has mostly been
studied in the past 4 years (2020-2023) with less studies on LFP in
the last 3 years (2021-2023) than the 2 prior (2019-2020). Within
the NMC chemistry a significant number of studies (over the entire
date range) do not report the elemental ratios of nickel, manganese
and cobalt, see Fig. S1(c). However, since 2020 there has been an
increase in the number of studies reporting the elemental ratios, with
the majority now being reported. In the last 2 years the most studied
have been NMC811 and NMC622.

4.2. Total gas volume emitted

The first step in quantifying the hazard of LIB TR off-gas is deter-
mining the volume emitted. Fig. 3 presents the total amount of off-gas
emitted at 100% SOC across a range of battery capacity scales, from
cell to EV. This shows that as battery capacity increases so does the
total amount of off-gas production. Further, it can be seen that below
0.02kWh the results are mainly comprised of cylindrical cells with
NCA, LFP and LCO chemistries. Above this, up to 1kWh, the results
are of prismatic and pouch cells, predominantly of NMC chemistry. For
a more detailed view of these regions see Fig. S2 in the supplementary
material. This highlights the lack of analysis of high capacity (10 Ah
to 100 Ah) LFP pouch/prismatic cells. Interestingly, the results below
0.02kWh show more variation than above this value. This suggests
that cylindrical cells may have a larger range of off-gas production than
pouch or prismatic cells.

Further to the absolute volume of off-gas, Fig. 3(b) presents the
specific volume of off-gas relative to the LIB capacity. This reveals
that there is no correlation between capacity and the specific off-gas
volume. To assess this further, and to determine the relative variability
of each cell type, Fig. 4 presents a box plot of the specific off-gas gen-
eration for each cell type. For all box plots in this work the shaded box
is the inter quartile range (IQR), the horizontal line within the shaded
box is the median and the whiskers are the minimum and maximum
values (excluding outliers). Individual data points are displayed as red
scatter points while points more than 1.5IQR from the shaded box are
deemed as outliers. From this it can be seen that more gas is typically
produced by prismatic cells (where median values are 598L/kWh -
air, 573 L/kWh - inert) and pouch cells (502L/kWh - air, 408 L/kWh
- inert) than cylindrical cells (156 L/kWh - air, 157 L/kWh - inert). This
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Fig. 3. Total amount of gas emitted from LIB failure given rated battery capacity for batteries at 100% SOC considering all chemistries and form factors (a) absolute values, (b)
specific values. Unfilled points are from tests conducted in air, grey filled points are from tests conducted in an inert atmosphere, coloured filled points are of an unknown SOC

but assume 100% SOC for this plot.

is similar to the behaviour shown by Rappsilber et al. [19]; however,
here there are 93, 56 and 72 data points used within the cylindrical,
pouch and prismatic cells types, respectively, compared to 12, 5 and 3
in Ref. [19]. Furthermore, here the data is split by atmosphere — air
or inert. For cylindrical and prismatic cells the medians are similar for
each atmosphere, while for pouch cells the inert atmosphere leads to
less off-gas production. The variation in off-gas production is similar for

each cell type in air, while in an inert atmosphere pouch and prismatic
cells have less variation than cylindrical.

Although Fig. 4 shows prismatic and pouch cells to produce more
off-gas than cylindrical cells, Fig. 3 shows that for the collated data
these cell types are predominantly NMC. For clarity, Table S1 shows
the number of data points of each chemistry for each cell type in
Fig. 4. From this it can be seen that the prismatic, pouch and cylindrical
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Fig. 5. Considering cell results for LCO, LFP and NMC chemistries, the total amount
of off-gas emitted from LIB failure at 100% SOC grouped by cell type (both in air and
an inert atmosphere). (The number of values in each category are Form [LCO, LFP,
NMC]: Cylindrical [7, 18, 14], Pouch [15, 3, 33] and Prismatic [6, 3, 41].).

group data points are 68%, 59% and 15% NMC chemistry. As the
literature has suggested (see Section 2.1), NMC produces more off-gas
than other chemistries. Hence, it is necessary to analyse the off-gas
volume regarding cell type and chemistry to determine if prismatic cells
produce more off-gas due to their form or due to the data being mostly
NMC. This is presented in Fig. 5 for LCO, LFP and NMC chemistries
as the other chemistries lack data to compare across all cell types (see
Table S1). Note that Fig. S3 shows outlines not present in Fig. 5 due to
the scale used to improve clarity.

Fig. 5 shows that LCO prismatic and pouch cells have a greater
generation of off-gas than cylindrical cells (where median values are
893 L/kWh, 383 L/kWh, 303 L/kWh - prismatic, pouch, cylindrical re-
spectively). This is similar for the NMC chemistry, however pouch
and prismatic cells produce similar amounts of off-gas (579 L/kWh,
524L/kWh, 203L/kWh - prismatic, pouch, cylindrical respectively).
For the LFP chemistry, the increase in off-gas generation of prismatic

Journal of Energy Storage 87 (2024) 111288

1500

ClAir
[ Inert

—

N

W

o
T

—

(=

(=]

(=)
T

750

500 H
250 E 1.
0 . . . .

LCO LFP NCA NMC

Total gas volume emitted (L/kWh)

Fig. 6. Considering cell results only, the total amount of off-gas emitted from LIB
failure at 100% SOC grouped by cell chemistry. (The number of values in each category
are Form [Air, Inert]: LCO [20, 10], LFP [17, 7], NCA [3, 51] and NMC [44, 52].).

cells relative to cylindrical (368 L/kWh - prismatic, 163 L/kWh - cylin-
drical) is less than the LCO and NMC chemistries. Also LFP pouch cells
produce an off-gas volume (126 L/kWh) similar to cylindrical cells.
Overall, from Figs. 5 and 6, it is likely that more off-gas is generated
by prismatic, than pouch and finally cylindrical cells.

To corroborate the literature statement that NMC produces more
off-gas than other chemistries (see Section 2.1), Fig. 6 presents the
specific volume of off-gas production for LCO, LFP, NCA and NMC
chemistries. Note that Fig. S4 shows outliers not present in Fig. 6 due to
the scale used to improve clarity. Other chemistries have been recorded,
see the compiled CSV data table in the supplementary materials, but
are not presented due to lack of sufficient data. Fig. 6 shows, from the
median of the data, that the NMC chemistry does produce more off-gas
than other chemistries (LCO: 394 L/kWh, 403 L/kWh; LFP 126 L/kWh,
368 L/kWh; NCA 169 L/kWh, 44 L/kWh; NMC 519 L/kWh, 573 L/kWh -
air and inert respectively). In an inert atmosphere it is likely that NMC
cells produce more gas than other chemistries. However, in air there
is a chance that NMC cells will produce the same amount of off-gas as
LCO and LFP. Comparison to NCA chemistry in air is omitted due to the
being only 3 data points for this set. Furthermore, given the available
data, there is no definitive difference in gas volume production between
the two atmospheres.

While Fig. 6 presents data at 100% SOC, Fig. 7 presents the off-gas
volume for LCO, LFP and NMC chemistries over various SOC. This data
is mostly of cells as only 2 data point in the 100% SOC group are for any
other battery scale. Fig. S5 presents similar results for the additional
chemistries LMO and NCA, but is not included in the main analysis
due to the lack of data at lower SOC. From Fig. 7 it can be seen that
there is a strong tendency for increased gas production at higher SOC
for LCO and NMC chemistries, while for LFP the increase is less steep.
Also, both LFP and LCO show that there is a possibility for more gas to
be produced at 0% SOC than at 25% SOC. The median values of off-
gas production are similar between LCO and NMC chemistries across
SOC. While for LFP the median values are similar to LCO and NMC at
SOC 25% and lower, but at higher SOC the LFP chemistry has a lower
median. However, the LFP chemistry shows a large variation in off-gas
volume at each SOC. As such, it is possible for them to produce as much
off-gas as LCO and NMC at all SOC. Further, due to the variation in the
NMC chemistry it is possible that they themselves could produce similar
or more off-gas at lower SOC than at higher SOC. It should be noted that
there are significantly less data points at SOC less than 100%, hence this
should be a focus of the academic community.
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Fig. 7. The specific total amount of off-gas emitted from LIB failure at various SOC
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26, 981.).

For a clearer view of the median trends see Fig S6 which also
presenting intermediate SOC as well as overcharge data. However,
these additional SOC points typically only consist of one data entry, but
from Fig S6 it can be seen there is a typical trend for LCO, LFP and NMC
chemistries on overcharge to produce more off-gas than at 100% SOC.
For the NCA chemistry there is negligible increase with overcharge.

It is of interest to determine if the severity of TR and off-gas produc-
tion volume has changed over time with cell chemistry developments,
i.e. with new additives or electrolyte compositions. Analysing the com-
piled data shows that on the whole there is no change in total specific
off-gas production with time, see Fig. S7. LCO and NCA chemistries
show an increase in the latter few years, but considering cell capacity,
form, atmosphere and abuse type, no variables are determined to be
influential. Hence, unknown cell material differences, differences in
experimental setup or natural variation may be the cause.

4.3. Toxicity - HF and CO emissions

The total emission of HF and maximum emission rate is presented
in Fig. 8, both of which increase with battery capacity. From this, it can
be seen that the smallest cells release 0.01g to 1g of HF while larger
cells release 0.1 g to 100 g and packs/EVs release kilogrammes of HF.
The majority of cells studied are of LFP chemistry while NMC cells and
EVs are studied to a lesser extent. The emission rates are less reported
range from 10—“ g/s to 1 g/s from cell to EV scale (excluding HF release
from air-conditioning).

The average HF emissions for LFP and NMC tests over various SOC
is presented in Fig. 9 (note most of this data is related to cells as there is
only one non-cell data point in the 100% SOC category). From this it is
clear that the LFP chemistry typically releases over ten times more HF
than the NMC chemistry normalised against battery capacity (50 g/kWh
to 100 g/kWh for LFP vs <10 g/kWh for NMC). LFP cells show a slight
downward trend in emissions as SOC increases (100 g/kWh at 0% SOC
to 50 g/kWh at 100% SOC), due to higher TR temperatures reached (see
Section 2.3), but NMC do not. However, due to the large variation in
results there is little certainty that higher SOC will have lower emissions
than lower SOC.

Note that there is limited data for LMO, NCA and LCO cells, al-
though at 100% SOC LMO, NCA and NMC/LMO cells emit approxi-
mately 60 g/kWh, while LCO emit 15 g/kWh. LMO cells show a nega-
tive trend with SOC, while LCO do not show any trend.
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Fig. 10 shows the maximum HF emission rate given SOC normalised
against battery capacity. This shows that NMC cells have an increased
rate with SOC (0.1 g/(s kWh) to 0.7 g/(s kWh)) while LFP do not. It also
shows NMC cells have a much greater rate at larger SOC (0.7 g/(s kWh)
for NMC vs 0.1 g/(s kWh) for LFP). This is attributed to the greater
severity and strong SOC dependence of NMC failure.

The total emission of CO and maximum emission rate is presented
in Fig. 11, showing both increase with battery capacity (most of the
data is from cells, only four and two points at 25% and 100% SOC
are not cells for LFP). Comparing Fig. 8 and Fig. 11 it can be seen that
there is approximately an order of magnitude more CO emitted than HF
given battery capacity, with rates also larger. A more detailed analysis
of the CO emissions with SOC shows that at 100% SOC batteries
with an NMC chemistry emit 10 times more CO specific to battery
capacity than the LFP chemistry (172g/kWh for NMC vs 19 g/kWh
for LFP). Further, the CO emission of NMC batteries is two orders of
magnitude greater than HF emissions, while for LFP the emissions are
on the same order of magnitude. NMC batteries show a tendency to
release more CO with increased SOC (10 g/kWh to 172 g/kWh for 25%
to 100% SOC), while LFP batteries show a slight overall downward
trend but there are unexpectedly low values at 25% and 75% SOC.
This discussion has so far considered air and inert atmosphere data
together. Fig S8 compares the results for LFP and NMC chemistries
under both atmospheres and shows no statistical difference. As with the
total volume (see Section 4.2), assuming composition is independent of
atmosphere, the increase in total CO amount in NMC cells is both due
to the chemistry and cell form leading to greater gas production.

4.4. Gas composition

A comparison of gas composition for each major chemistry over var-
ious SOC would be ideal. However, due to limited data only meaningful
comparisons can be made for LFP and NMC at 100% and 50% SOC in
air and 100% in an inert atmosphere. Results from tests in an inert
atmosphere are considered as they simulate a scenario where oxygen
is limited, such as in a sealed pack. Therefore, the gas composition
before combustion can be determined, allowing for a truer assessment
of off-gas hazards. Results for LFP and NMC in air at 100% SOC are
presented in Fig. 13, other LFP and NMC results along with limited
data for LCO and NCA is presented in Fig. S9 and Fig. S10. In these
figures, electrolytes (Elect.) contains DMC, DEC, EMC and EC; organic
compounds (org. comp.) contains ethanol, methanol, DME and methyl
formate; F containing compounds (F comp.) is anything containing fluo-
rine (including HF); and other is anything not listed in the graph or
these categories. Note, due to a lack of compositional analysis tests
in the literature concerning HF in LIB off-gas, only minimal data is
available on HF as a fraction of the total gas. As such, there are fewer
data points related to HF in the compositional analysis here than in the
analysis of absolute HF production (Section 4.3).

For LFP at 100% in air (see Fig. 13), on average, the major com-
ponent of the off-gas is H, (36%), then CO, (25%), CO (12%) and
THC (11%). For NMC in similar conditions CO, (36%) is the major
component, then CO (25%), H, (20%) and THC (12%). The greater CO
and CO, generation by NMC is attributed to the tendency of NMC to
lead to fires in air. Note, in previous works, non of the studies in air
were set-up to record the emissions of electrolyte. Furthermore, there
is no correlation of composition (percentage of species CO, CO,, H, or
THC) with battery capacity, see Fig. S11.

Consider 50% SOC in air for LFP and NMC (see Fig. S9(a)) there
is no meaningful difference in results when compared with 100% SOC
(Fig. 13). Comparing atmospheres (see Fig. S9(b)), we see that there is
a greater variation in CO, percentage for LFP and greater H, generation
than in Fig. 13. These results also show that electrolyte vapour is emit-
ted to a small percentage, as well as O, to a lesser extent. From Fig. 13
it can be seen that H, is a significant flammability/explosion concern
as it is typically present in a greater proportion than the THC content.
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Fig. 8. HF emissions from LIB failure given rated battery capacity for batteries at 100% SOC considering all chemistries and form factors (a) total mass emitted, (b) maximum
rate of emissions. Unfilled points are from tests conducted in air, grey filled points are from tests conducted in an inert atmosphere, coloured filled points are of an unknown SOC
but assume 100% SOC for this plot.

It is also present in greater quantities for the LFP chemistry. The risk of each gas, see Fig. S12 and Fig. S13. However, there is no consis-
H, content and also the role of cell chemistry on flammability is further tent behaviour between chemistries or atmospheric conditions. This is
discussed in Section 4.5. attributed to the unpredictability of combustion occurrence, and the

As the emissions of gas species are interdependent, correlation plots effect the test set-up has on the availability of oxygen to promote
are presented to understand the relation between the production of combustion i.e. if the system is open or closed and the working volume.
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4.5. Discussion and recommendations

From Section 4.1 it can be noted that there is a lack of studies
on the off-gassing of modules and packs. Addressing this in the aca-
demic community is important to understand how the behaviour of
off-gassing and its composition changes with scale so that the change

12

in hazards with scale can be properly assessed. However, the literature
does study cell form evenly between the three main types (cylindrical,
pouch and prismatic) and focuses on the two chemistries mainly used
in automotive sector NMC and LFP. As such the literature is useful
for the industrial community. Although the elemental ratio of NMC
cells is reported more in recent years, a third of papers still do not.
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Hence, the academic community should encourage reporting of this to
better understand the role of chemical composition of NMC on off-gas
behaviour.

From the analysis in Section 4.2 it is clear that there is a strong
positive correlation between off-gas volume and battery capacity across
the entire range from Wh to kWh. However, the amount of gas pro-
duced specific to battery capacity is independent of battery capacity.
NMC batteries do tend to produce more gas than other chemistries
when considering all battery types. In general prismatic cells tend
to produce more off-gas than pouch followed by cylindrical cells,
even when considering chemistry. This could be caused by the large
form factor having lower heat loss per unit volume leading to higher
temperatures and increased decomposition. When considering separate
cell forms, cylindrical LFP and NMC cells have similar medians and
ranges, while LCO have a great median. For prismatic cell NMC produce
less off-gas than LCO. However, there is limited data for cylindrical
and prismatic LCO cells and also pouch and prismatic LFP cells which
hinders comparison. Cylindrical cells and LFP chemistry show a slight
tendency for greater variation in gas volume production.

As LFP are widely used in the automotive sector, more analysis of
LFP pouch and prismatic cells at the scale of 10-100 Ah is crucial
for hazard assessment between NMC and LFP batteries. Also, as the
literature (see Section 2.6) has shown, it is difficult to scale cell TR
behaviour to stack/module/pack TR behaviour. As such, comparisons
of LFP and NMC batteries of a given capacity constructed of different
cell forms need to be rigorously conducted to determine if there is any
real difference in TR hazards, including gas hazards.

The amount of gas produced in air is not consistently more or
less than that generated in an inert atmosphere, so the effect of the
atmosphere on off-gas volume production is considered negligible. As is
commonly suggested in the literature (Section 2.1), larger SOC typically
leads to greater off-gas volumes while NMC LIBs generate more gas
than LFP over all SOC. The variation within the data means that given
a chemistry, a higher SOC may not lead to more gas, while LFP LIBs
may produce as much as NMC LIBs. However, at SOC other than 100%
and at overcharge there is significantly less data, typically less than 10
data points and only 1 for stages of overcharge (for each chemistry).
Overcharge is a typical area of concern as it can occur undetected
within battery operation. Hence it is critical to risk assessments to
understand how the off-gas generation evolves with overcharge and
should be a focus of the research community.

13

Journal of Energy Storage 87 (2024) 111288

Table 3
Theoretical contaminated volume calculated from median HF and CO emissions for a
0.01 kWh battery.

Emissions at 100% SOC (g/kWh)

Component i NMC LFP
co 172 19
HF 6 52
Emissions at 0% SOC (g/kWh)

Component i NMC LFP
co 10° 34
HF 7 102
Contaminated Volume (m?®)

SOC NMC LFP
100% 115 355
0% 51 695

2 Estimated from data at 25% SOC.

The toxic component analysis in Section 4.3 shows HF release from
LFP cells is greater than from NMC over various SOC, with a median in
the range of 60 g/kWh to 100 g/kWh for LFP versus less than 10 g/kWh
for NMC. However, the rate of HF release is greater for NMC cells than
LFP cells at higher SOC, due to the increased severity of TR of NMC
versus LFP. LFP show the trend of less HF production at higher SOC
due to increased temperature of TR, while NMC show no trend due to
relatively high TR temperatures at all SOC. The release of CO is greater
for NMC cells compared to LFP cells. Over 0% to 100% SOC the release
is 11 g/kWh to 172 g/kWh for NMC compared to 34 g/kWh to 19 g/kWh
for LFP. Although several studies have investigated the absolute HF
production, few have done so as a fraction of the overall composition
of the off-gas (see Section 4.4). This should be a consideration for the
academic community to determine if there are any correlations of the
fraction of HF to other off-gas species to complement the correlations
of SOC and cell chemistry analysed in this work.

As the HF and CO production vary greatly with chemistry and SOC,
the overall toxicity hazard has to be assessed considering the total
amounts of all toxic components. This can be done by calculating the
theoretical contaminated volume (m?) according to Eq. (1) [50]. Where
m is the mass (mg) of the toxic component i which has an exposure
limit value EL (mg/m3). The short term exposure limits (in the UK)
for HF and CO are 1.5mg/m® and 23 mg/m?, respectively [54]. With
this and the median HF and CO emissions for NMC and LFP at 0%
and 100% SOC (see Figs. 9 and 12), Table 3 presents the calculated
contaminated volume assuming a 0.01 kWh battery (this is the scale
of a single cylindrical cell). Note median values are used as there are
limited sources that reports both CO and HF emissions together for all
four cases.

n

V. Y
contaminated — EL,-

i=1

€9)

From Table 3 it is shown that LFP batteries are significantly more
toxic than NMC batteries when considering both major toxic compo-
nents, especially at 0% SOC. This is due to the very low exposure
limit of HF and the higher emissions of HF by LFP batteries. However,
LFP batteries are nearly half has hazardous at 100% SOC than at 0%
SOC as both HF and CO reduce at higher SOC. In comparison, NMC
batteries are over twice as toxic at 100% SOC than 0% due to the large
increase in CO emissions. Further, the lowest emissions from a single
cell (approximately 0.01 kWh) are enough to full a single car garage
or 20 ft shipping container. But at a large cell or module scale (where
simultaneous burning is possible) contaminated volumes would be 10
and 100 times greater respectively. From this, LFP batteries can be
said to be more toxic than NMC (in absolute terms) even though they
produce on average less off-gas overall. However, the suffocation (from
CO, emissions) and flammability hazards have to also be considered,
discussed below.
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From the gas composition results of Section 4.4 it is shown there is a
lack of data quantifying electrolyte solvent emissions, especially in air,
as experiments are not set-up to detect it. This should be address as the
electrolyte vapour is considered to be a significant flammability hazard.
Further, tests set up should be assessed to ensure it does not affect
results, i.e open/closed system limiting combustion. From analysis of
the off-gas composition, it is found that the LFP chemistry releases
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more H, than NMC on average, while more CO is emitted by NMC
with similar hydrocarbon contents in both. However, it is difficult to
assess the overall flammability hazard from this data. Hence, to assess
the flammability hazard of each chemistry the lower flammability limit
(LFL) of the off-gas mixture is calculated. This is done according to the
methods in Ref. [105] accounting for the dilution of the off-gas by the
CO, generation. The LFL of each component (CO, H, and hydrocarbons
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present) are from data tables in Ref. [106]. Further detail of the LFL
calculation methodology (including a table of LFL values for individual
species) is given in the supplementary material.

Fig. 14 presents the calculated LFL. It can be seen that the LFP
chemistry has a lower LFL (6.2%) compared to NMC (7.9% to 9.2%).
This is attributed to LFP having a lower fraction of CO (which has a
large LFL) and CO, (which dilutes the mixture), whilst having higher
H, fractions, compared to NMC. The large range of LFL for NMC in
air is attributed to the large range in CO and CO, production related
to the variability in combustion of the off-gas leading to in/complete
combustion products. Given the median LFL (Fig. 14) and gas volumes
produced (Fig. 6) in an inert atmosphere then LFP batteries would
breach their LFL in a volume 18% smaller than NMC cells (calculated
assuming the gas is only comprised of CO,, CO, H, and hydro carbons).
Hence, LFP batteries present a greater flammability hazard even though
they (specifically cells) show less occurrence of flames.

As noted previously, CO, is not considered as a toxin, but in high
quantities it presents a suffocation hazard. However, Fig. 15 shows that
the contaminated volume from a 0.01 kWh battery (where the short
term exposure limit of CO, is 27 400 mg/m?) is minimal. Even at the
1kWh scale the hazardous volume would still be less than 10 m3, so
the suffocation hazard is low relative to the toxicity hazard.

As noted above, LFP cells show a tendency for a lower LEL but this
does not account for the presence of solvents (due to lack of available
data). However, as shown by Fernandes et al. [48] up to 60% of the off-
gas emission can be made up of electrolyte solvents when no venting
fire occurs. This will also be true for other chemistries, however, the
important factor here is that due to the lower TR temperature of LFP
cells it is more likely that the vent gas is emitted without combustion.
This results in a greater likelihood of vapour cloud emission and
accumulation, leading to an increased risk of vapour cloud explosions
for LFP batteries compared to NMC. This needs to be stressed in safety
and risk assessments given the general belief that LFP cells are “safe”
or “the safest” in public media [e.g.107-110]. This “safest” chemistry
belief is based on typical abuse tests (overheat, penetration, etc [111])
due to LFP having lower maximum temperatures and heat genera-
tion or the absence of visible sparks and flames [112-114]. However,
there are many instances of LFP-based EVs under TR and emitting
vapour clouds [6,10], especially in the Chinese market where LFP
dominates [115]. Additional to this is the emission of toxic substances
that also present a further hazard. As such, it is unwise to categorise
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the safety of a battery system based on the abuse test of cells that do
not account for the explosion of the off-gas (and its toxicity) or the
influence of the battery system design on failure behaviour. Therefore,
there should be a focus within the battery community to provide a
holistic assessment of battery safety considering stability and thermal,
fire/explosion and toxicity hazards.

5. Conclusion

The off-gas from Li-ion battery TR is known to be flammable and
toxic making it a serious safety concern of LIB utilisation in the rare
event of catastrophic failure. As such, the off-gas generation has been
widely investigated but with some contradictory findings between stud-
ies. However, no work has comprehensively analysed the available
literature data to determine how the chemistry, SOC, scale/capacity
and form affect gas volume production, toxicity and flammability.
Hence, in this work we conducted a detailed meta-analysis of 60 papers
to investigate the most influential parameters and the probable off-
gas characteristics to determine what kind of battery would be least
hazardous.

From the analysis, it is found that LFP and NMC batteries are
the most studied, aligning with industries tendency towards theses
chemistries. The amount of gas produced scales linearly with capacity,
however the specific gas production (L/kWh) shows no trend with
capacity. NMC LIBs produce more off-gas than other chemistries (LCO
394 L/kWh, LFP 126 L/kWh, NCA 169 L/kWh, NMC 519 L/kWh), while
prismatic cells also tend to generate larger off-gas volumes (cylindrical
156 L/kWh, pouch 502L/kWh, prismatic 598 L/kWh). Also, a larger
SOC does lead to greater average specific off-gas volumes specifically
for NMC and LCO batteries, however there is significant variation in
results.

While NMC batteries release more gas than LFP, LFP batteries are
significantly more toxic than NMC ones in absolute terms. Toxicity
varies with SOC, for NMC batteries the contaminated volume doubles
from 0% to 100% SOC while for LFP in halves. The composition of
off-gas on average is very similar between NMC and LFP cells, but LFP
batteries have greater H, content while NMC batteries have a greater
CO content. To assess the fire hazard the LFL limit of the off-gasses
is compared. The LFL for LFP and NMC are 6.2% and 7.9% (in an
inert atmosphere) respectively. Given the LFL and the median off-gas
volumes produced, LFP cells breach the LFL in a volume 18% smaller
than NMC batteries. Hence LFP presents a greater flammability hazard
even though they show less occurrence of flames in cell TR tests.

Also, from this work it is found that significant improvements in
research can be made. To advance the understanding of off-gas further,
for improved battery safety, it is recommended that:

1. the electrode elemental ratio and electrolyte composition of cells
are reported to better compare NMC results and understand the
affect of electrolytes;

2. LFP pouch and prismatic cells at the scale of 10-100 Ah to be
studied to address the gap in data at this scale, so that like-for-
like comparisons between high energy LFP and NMC cells can
be made;

3. tests at module and pack level should be conducted to under-
stand how the hazards scale with battery size;

4. the off-gas generation is studied at other SOC other than 100%
and especially at overcharge to accurately determine how toxic-
ity and flammability hazards vary; and

5. the experimental set up is designed to ensure the detection/qu-
antification of common electrolyte solvents to determine when
and how much is emitted as a vapour and hence determine the
additional flammability hazards.

Finally, this work provides a critical resource to the battery commu-
nity that can be used for the risk assessment of LIB TR fire, explosion
and toxicity hazards. This is aided by supplying the compiled literature
data in a raw format that is readable and editable to allow independent
and ongoing analysis by interested/relevant parties.
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